
.

Nicolas Rouquclfc,  Steve Chicn
Jc( ] ‘roJm]sion  1.d)oJ story

California lnstituk of ‘J’cchI)ology
4800 Oak Gmvc 1 )rivc M/S 525-3660

l’asackma,  CA 91109

Alxlrllct

‘lIIc increasing comlplcxity  of lM occss  ccmtIol ap
placations bavc posed  difficult problems in faul[
{ic.tc.ct ion, isc)laticm, and remvc.ry  (1 d JIl{). lkcp
l;llow~lc~l~c.-l>ascd  a]yproacbcs,  SUCII  as moctcLbasc4i
diagnosis, bavc offcrcct  some Jwomisc. in actctrcss-
ins lIICSC.  problems. 1 lowcwcr,  tlIc ctifficullic.s of
iidaj)till~, tbcm tcc.hniquc.s to situations involvinr,
numerical rc.ascming and noise have Iimilcd  tlm ajw
p]icability of tl~csc. tczhniqmx.

‘1 his l~a] )cr dcscribcs an c.xknsicm of classical
]mctc.J-based ctia~aosis  tc.chniquc.s[?.l m ctc.al with
sjjarsc, data, noise, and conlplcx  ncm-invc.rlib]c 1111-
mcrical  IIIOCIC.IS.  ‘Jhcsc  clia~,nmis tcclmiquc.s arc. lw-
i np, applicii  [o tlIc 1 ixte.I !Ial Aclivc ~J’hcrn~aJ Gntml
Systcm  (1 M’IU) for Space St alicm 1 ‘Icdmn. ,

1 lntrodudion

‘1’his paper clcscribcs  an ori~,inal approach to nmclc.1-l)asc.d
dia~,nmis  drive.n by ajqllic. ation ccmstraints.  lk to (IIC conl-
plc.xilly of tlm Physical Proccsse.s  invcdvccl in 1 \A’lC3,  t be
JIIOCIC.1 CiCVC]OJICd  iS a ]lllllJ)Cd  ]WilillllC.tCl lMXtC  Of tiIe StCady  -
s tate .  bcllavicw. ‘J’IIc c.n~inccrinfj  effort rcquilcd  to build  a
dynalnic, ]umj>c.d j~aramc.ter model  would  bavc  bcm cmmm-
rab]c to that of builrlinp, a bigJ1-fidelity mode.t.

Wl]clcas a dynamic  moclcl would  inlcp,tatc. ciiffc.rcnl ial
c4]uatimls  to prcdic[  tbc nmdc.1 rcsl)onsc,  a s[cacty-state IHOCJCJ
compu(cs  only  the stable. mock]  rcsj)onsc  for cvcI y cl)anp,c. to
llIc moclcl iajm[s.  ~onscqucm(ly,  tbc iatcrlncdiatc value.s for
tlm II IoclcJ variables cannot bc trustc4i as rc.jmscntativc.  of tlIc
II IOCIC1 transit.nt bcbavior.

‘1 b kcc.p tk diafylcKis  tool  C]omai  n indcjmdc.nl,  wc OSC. dlC
COIII1 loI}c.llt/cc)l~Ilc.ctioll paradigm for modclinp, as CIC.SCI  ilwcJ
in scdion ?. 1 iacll comjmnc.nt  is moctcled in ki ms of desigtf
pcitumetets,  variables and cmmtroiut  cqudions  cJc.fine41 ft on)
val iab]cs  and pal alnctcls. ‘1’lIc moclc.1 of tllc Ihysical sys[cm  is
dc.rived ft oln tlIc inlcraclilons  amonp,  constituent components
mociclcd  as component connections. ‘1’bc clnbcddinp, of tbc
j>liysical systc.m in an environment is nmciclcd as interactions
with external inputs  ancl obscrvabk variabks  or .WWSOIS.  Sc.c-
t ion 3 iJlusU atcs  this modcling fran}c.work with a simplified
evaporator loo] I taken from the 1 M’1’CX.

~iivc.n  a mode.1 of a j~]lysic.aJ  systcm,  tbcm  arc. SCVCJ al classc.s
of ctiaf,nosc.s base.cl cm Ibc  lc.vc.l of (diagnostic conclusions

charlcs l<obcrtson
Md)onncll  1 )ouglas  Acrospacc

MIX:l-62511
13100 sJ)acc Ccl’ltcl” IIlv(l.

1 IOuston, ‘J’x 77059

dcsil cd and which sensors and external inputs arc Micwcd
in. %cticm  4 cliscosscs  tbc. Jlossiblc  cliagnostic  conclusions in
terms of the data bcticvcd  in ancl the cliagnostic  hyj~othc,scs
mactc.

Scc[ion  5 {iiscusscs  the utdc.rlyin~  dia~nmis macllincry:
h adaptat  ion of const  rai at suspension to coat inuous,  steady -
statc modc]s  similar to [3] for a~lalog moctc]s.  l;or  d ig i ta l
domains formalized in logic, c.onswaint  sospcnsion is conl-
P]ctc in that  al I of tllc  consistc.nt  states can bc found for any
suspcncicd  ccmslraint. la cmtinuoos domains, the aciapta-
t ion of coast rai nt suspension lwcscnted  lIC.I c requires scvcrc
rcstt  icticms fol it to bc. comj~lc.tc.

Sccticm 6 ctcscribc.s the overall diagnostic p occss  from
anolnaly  cJckct  ion to bypot}lcsis  formation and validal  ion.
l;inally  sec. 7 dcscribcs the i]]]j>lc]l]c.l]l:itic>]l  status ancl scc 8
ccmcJudcs this j>apcr.

2. Modeling
‘1’bc model of cacb  systc.m ccmponcnt is cMncd by a set of
conslt  aints.  1 ;acb coast raint  e corl  csj)oncts  to onc or nmrc
analytical cqoations. ‘J’hc. clon[ain of a constraint, l)(c), is
tlIc st-l of conqmcnt parameters and variabks  uscIi in tbc
cqualions  of the. constraint c.

Given a component c, tbc set of all palamc.tcrs  l)(c) of
that con Ijmncnt’1 C.IM cscnts llIc. jd)ysical  charactcrist  its” &f c.
‘1’IIc sc.t of values of al 1 colnponcnt  varial)lcs,  V(c), rcprcscnts
tllc component state of c at a p,ivcn instant. l;O1 cxamj~lc,
tlw dian)c[cu of a vcntut  i ccmllJcmcnt is a dc.sign j>aramc.tcl-
wbc.rcas tbc  flow rate tbloupll  tk vcpt  ul i is a stat c variable.
A vat iab]c. of a comcmcnt  is sensed when thcm is a nhsical. .
sensor pmvidi  IIF, c.xtc.i nal obsc.t vat ions of that variable. 1 ‘or a
systcm  ]I~ocJc.J flf , ~~(Af ) ] C.fM c$c.nts the sc.t of cony)  oncnts  of
that model, M(34)  rcprc.sc.nts tlw sc.t of constraints of C(M),
ancl S(iW)  is tllc  set of scliscd  componc.nt  var iables ,  thus
S(kf) < (_JCc ~.M1 V(c). I(A4) rcplcsents ttw sc.t of external
inputs to tllc. moclc.1.

‘Jk const ra in t  moclc.1  of a systc.111 M is a p,rapb, M :
(V, E), wl)osc  vc*ticcs  a,c

(y , L’(A4)U  u V(C)L

CCC(M)

and cd~,c.s arc clc.finc41 by:

)l’(c) (J](M)

E(A4)) n l)(c)}
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‘J’lmt is, V is [I)csct  of all constraints, cxtcmal  inImk anti [k
val iablcs  and palalnctcts  of c.ach conq)onc.nl of (Iv2 INodc]. C
is [II( Sr?t of (X]F,C.S  Constrllc(cd  from tllc ctcpcndcncic.s bCtWC.Cll
tlm cqua[ions  co~lcspondin~  to cad cmslraint and lt]c ~IajJI
vcl ticcs  ap})cari n:, in tlIosc  cqualirrns.

l’or a constraint c an(i l’)(c)  = {* I,. . . . w,}, tllc. cmmtminl
is dc.scu ilmi as an cqua(irm:

WIIC.IC.  f is [Ilc function cllalactcli?.i]]:,  c. An mock] constraint
c is ilnvc.rtiblc if tlmre cx isls  n projection ff~tfcliom,  fri fm
cm.]] ~i ( 1  < i < 7L) sod [Ilat [k mock] constlainl c i s
rqaivalcnt to:’

‘J’hc invcrlabili[y of a lmctel  cons(rain[  affcc(s  which tech-
niques  can bc uscrt to rc.solve. a sc.t of k constraints Wittl  ?L

u n k n o w n  variab]c.s o r  paramcte.rs.  Wlw.n  IDO(ICI cons(taials
alc invc.r liblc. aa(i tlmit clcrivativcs  am also invc.r tiblc,  [Iml a
solution can easily tm foafld.  When a mock] Cxrnstfaint has
il[cvcfsiblc,  lmjcztion functions, it is no longer l~ossible. to
illvclt a componc.nt  conshaint,  inskad the ccrnstlainl  has 10
lx rctaxcd  by sc.archiag  for a set of possible values for tlm
unknown val iab]cs  or J)al amctws.

‘1’bus, one. of the rcquircnwn[s  for constraint suspcmsion  for
diaf,[lcrsis is that model  equations bc either iavcrliblc or sui(-
al)lc. for rc.laxat ion mcthocts:  cent i nuit y, diffcl  cntiabilit y of
tl)c. I])oclcl function as wctl as that of all the lmr[ial ctc.rivativcs
of its projcdion functions. “1’his lasi require.nlc.nt is lIMc.  to
guarantm that  tlm mode.t fanc[icrns  are  WC]] bchavcxl., Mono-
tonicity is not nccc.ssary  for relaxation as long as every local
lninima and lnaxima  of each Jllojcction  functioa jzi car) h
analytically rtctcrmincd  or numeric.al]y con~putcd (c.~.,  by
lcsolvinp,  cr~ri/dz = 0 . )

Aaothcr source of mode.ting complc.xity  stems  fl om fc<41  -
back,  la sin]ulation,  fccdlback implies tlIc ncr41 for lclaxatioa
mcthocls  to find a stable. solution to a fcodback  loop. la ciiag-
nosis,  fmdback can affect [Im constraint suspension pt omss
wlaxI 1 ) k-cons is tency mc.thocts arc usc41 and ?) k is IarF,c
c.nou:,l) to include al 1 of tlm coast taints of a fct41back loop. la
this case, fcc(iback  impacls  constraint relaxation. Sccond]y,
fc.cdback affecls  [k diagnostic intcrlwc.ta(ioa  process wllc.rc
lIw rcsu][s  of constraint suspcnsicrn  arc analyml to conclude
on tl]c 01 ip, in oftlm anomalies.

3 IIM’J’CS evaporator modd

IJir,urc  1 slIrrws a schematic (iiafyam  of a simplific41 cvapw
ratoI mrrctc.1.  ‘1 his moclcl omits pipe.s and valve.s. 1 lrrwc.vc.r,

“1’hc. rmlalion: (*I ,..., &j . . . Xn) rcpmmlts  llIC ?1 - 1 lUJ)IC
dc.liwxl f[olll  IIIC n tupk  (2]1, . . . . xi,  .“,. z~) by rcnmving *;. “Iha(
is:
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1 ‘igurc  1:1 M’I’CS  cvapolalor rnoctulc.

it retains in)pc)rlant  cl)arackvis[ics Il)at make  it a challen~iag
diar,ncrsis  ta;k. ‘J’l]c. rnockl  constraints colicspondiag to  [hi
hyclrau]ic  behavior of tlm cvaJJorator  al c sllowa in l;ig.  2.1  @
blevity,  [Im ttmlllal intc.raclions  of this  model Ilavc  bccrlomit-
tc(l in ttiis  paprx. None.thclcss, ttrc mock]  prcscntcxt  incluclcs
a passive. fecdhack  Iool) cmrlbinc41 witl] noli-invcrljblc  llloc]e,]
cons(taink.

Referring to l;igulc.  1, the function of tile. Rotary lduirl
Manag,cmcnt  ] kvicc (1<1  ;MI )) is to supJI]y sat ur atc4i ammoaia
to tk c.vaporakrr  loop at a pressure that is ckpcnrtcnt cm the
SC( point prc.ssuI c of [Ilc ] {A’I’~S, tbc”ipccd of the. ~1 iMI ~,
and tlIc. c)vcl-all flow to tlm c.vaJmator 1001). ‘I”hc cvaJ)orato)
loop contains parallc]  branclws, each  containing, a cavitating
vctlluri  anti an evaporator. “l”tlc cavitating:, ve.n[uris  regulate
tlIc flow of ammonia [0 cacll  evaporator a< a function of k
ialct Imssurc and amnmnia saturation Jwcssurc,  as long as
cavitating bc.haviol is acllicvc4i,  ‘lhc  dc.sif,a flow rate c)f cacb
Cavitating vcnluri  is fixe41 by tile. Clcsip,n JMC.SSUICS and by Ihc,
cliatactcr  of tlm vc41turi  ttlroat  ‘1’his flow rate. is dctc1ininc41
SUCII  that the. evaporator can absorb its ctcsigy heat  load and
still  ]aaintain  a two-ptlasc rnixturc at the evaporator outlet.
IIccausc lllis  r7uarantcm  saturation conditions at [Ilc outlet,.,
tlm tcrnpcr at ur c will bc apJJroxilnatcl  y lIIC same ar ounct thi
100JL

‘1’tIc l)assivc  fcr41back loot)  occurs bctwcm [t )c. 1<1 (Ml) ami.
tlic vent uri/c.vapol  at or tu aaclms. l)uc to the p a s s i v e  f l o w -
rcsllicting behavior of lhc cavitatiap,  venturi, a change in c.vap-
malor loop irilct ~J1cssurc car) lc.ad to cllangcs  in all cavitating
venturi flows wtlicll  tl]c.n caasc a global cllangc in tllc. c.vapcr-
rator loop flow, resulting in a furllmr  (but crffsclting)  cbaagc
in the inlet loop lHcssuIc.. Siam there is no direct mc.thoct
t o  comInltc  [I)c mw e41uilibliulll  Imial,  scve.ral itc.rations  arc
ncccssary  to ccmvcrgc. to a solution.

‘1’hc prc.se.nm of fe<41back  signals the. ncd for rdaxation
to resolve tl)c. set crf Jnoclct constraints since tlmrc  arc no
p,aarantccs  of a closc4t folrn solution avai labtc fo~ an arbit  rary
fcc41back mock].  lhlrirl:, simulation for example., ttm ne.stiag
of feedback loops can liavc. ctirc computat ional  ccmscqrrcnccs:
the silnultancous lclaxation  of multiple, interacting fdback
100])s can lead to oscillat ions.2 la [k I ;A’I’CS c.vaporator,  such
oscillations can occur wh.n ii ncw flow/Jmmurc  poiat is tric41

7“1’t)is was a problcrllof  aa c.arlicr lulc-t~asc411 iAl’CS  rnc)ckt which



as a solotion (0 (I)c flow split  among  tlIc cv:ipola(m  bIanclIc.s
Wilile. tiIc RliMl~  ]) IcdLIccs tiIc iI”lvWsc. pmssoldflow  poill(.

‘J’t]c thcmnal  c.ons(raillts  have bc.m Icfl  ml of tlIis mock].
“J’hcy km ibc  tbc heat-traasfcr flom ttlc Imal soolcm (c.~.,
C!c.w cabin) 10 tlm ammonia. Solnc  ofthc cons(laillts in lbp,.  ?.
arc t]loll-itll’cl[il)lc  and atc slIown with  artows.

1;(M r.xamplc.  A1’rflnd  as a fonction of Spc.c(i, ‘1’piiot, and
lilow  is:

Mr]lc,,.e,  p is lI,c, d~nsity  of al]]ll]~llia  al Ic,n]pc.ra[urc ‘Jjlitcd and

index is a non-inw Iiblc  function.

4  Anomalim

CompoImIt  failures. Cmtpmctlf  jnillirrs  arc Inociclc.d as
cl)an~c.s in tl)c physical charactmistics  of a coniponc.n( (i.e.,
tlIc Ino(lc.1 par amctc.rs  of a component.) ‘1’hc mcasorablc.  inl-
pacl  of a ccmjponcnt  failure is in the. inabi]ity of [hat conJpo-
ncnt  to mmt dcsirxxi opcra(ing  conditions. ‘1’lw aclaal  opct-
alinc conditions arc dctcrminui  or cla ivc4t from (Iw sc.nsms
and Itllc cxtc.rnal  inputs.

A cxmponcnt  failorc corresponds to a cbangc in that con)-
poncnt  I)llysical  chalacWistics as clc.tincll by tbc Colnponc.til
]nodcl  paramctc.rs.  Give.n t bat intcqwctal ion, tbc  cliagyiosis
of a colllponcn! failorc ils a two stage pl-occss: 1 ) paranmter
mtaxation to find values for lIIc. mnponcnt nmlcl J>atanwtcrs
SUCII that tlm mrrcic] pwdictions ma(cll  the scnsol  obsc.r va -
tions (i c.., I csolvcs Ibc. sensor ctiscrcpancies), and 2) intmprct
lIIc. I c.taxed component I)arame.tm in c’cmt ml (0 the honli nal
parameter values.

A c.o]nponcmt faituic is a sofficic.nt  credit ion for the, OCCUI  -
rcnclc of an ancmaly. Systc.in opc.rat ion bcyonrl  tlm clcsi~n
cnvclopc is anotbcr caosc that dots not nccmsarily reqoi]  c
a co]lymnc.  nt fai]olc.. Whcmas  mocicl equations define  tbc
bc]tavior  of the systrm, the  nmrlct  paramctc.rs  dc.tmninc  the
dcsi~~n cnvclopc  of the. possible, states for the syslcm.  ‘1 ‘llc
actwd  external inpots dc.tcrminc  the systc.m opcratinc state.
within tllc clcsif,ll cnvclopc.  dcfInc4i by the. actual moctcl j)a-
lamctcrs.  Since. tllc mode.1 J]aramctms  Cons[laint  admissible
When tbc cxtc.rnal  inputs arc. not admissible p,ivcn patanlc.tci
values, tlm systmn

Opcnlion  lJcyold design cnvclopr. ‘1’lm (icsi~a  cnvcloi)c
of a syshm is cietm mille.ci by ti]c moclc.i  eqoations and tlm
aclu  al pa~ fiInc[c.r valoc.s affc.cli rI~, that systmn.  ‘1’IIc tyim o f
bci\aviol  is cictcrmincd  by tile. lnocic] equations wlvsrcas tile
ac(aal  bc.tl aviol path is dctrmnined  from tbc. actual  situalioll,
i c.., tlm valoc.s of tlw external inputs.  1 ‘0] a nc.w set of e.x -
tclnili  inpots, the systcnl laay not bc able. to satisfy ali of the.
constraints. in such cases, tile. systc.m is opc.r atinr,  bcyon(i
ca]>aciiy.

5 l)iagnosis  algorithm

‘J’l)c conslr  aint fyapb of a ihysical systc.m model  is (ic.fine(i by
takill~, ti]c set of lnociet constraints, variable.s, palamclcls, an(i
C.XIC[ nal inimts as gtapll vcrlicc.s and tile cicycncicncics  of c.aci]

molivalccl the clc.vc.lopnmn~ of tim prc.sent colllpollcrlt-cc~ tlrlcc(iclll
model.

constraints in tam of valiablc. s, J)aramctms,  and c.xtc.rnal iw
pots as glal)li c4ifKs. IIy lac.r~,inp, two constraints wlwncvct
tl]cy sllarc. a coIIImon, unscnsd variabic.  an(i by eliminating,
tllc sllalc.(i onscnscli  vafiablc.s,  tllc const ra in t  mocie.1  of ttic
sys(cla  can im rc.fo1nloialc4i in tcrlns  of lnerge~i constraints,
sctIsMl va[ial)lcs,  nmicl palamc[cls, anti cxter nai inlmts,  liacb
col)straint  in tilat nmic.1 wiii bc onc of three kin(is: a .wmor
coltslmin/  wlw.n aii of variables of that constraint will  bc
scnsc<i, an exlewal cottsltnitlf when at least onc  of tlm val i-
ablcs  is an cxtc.1 nai input,  a IIaramelcr con,flfaitu wIIc.11  tllc.
vat iabic.s arc c.itim  sense{i or model  pal-ainc.tc,rs.

l;i~,arc  ? sllmvs a simplificxi nlo(icl cons(taint f,rapb fm tbc
cvalmra(or  100]) systcln  of fig. 1. I ‘igarc  3 shows tllc  rc.suit
of n]cr~in~  mo(icl constraints of 1 ‘ig. 2. to obtain sensor and
palaamtcr constraints. ~onstrai nts C2’ and ~?” nave  bcm
nKr~c4i into (2 so as to c.timinatc  tim unobserved A7’IfnKi.
Silnilarly,  [M’, C4° were nle.rgcli to yic.tci [;4; anti CM’, (X”
were. merged to yicki U. 10 1 ‘ig. 3, ~5 anti (:7 arc sensor
ccmstlaints;  cl, O, anti ~3 arc cxtc.rnai constraints; and (;4
an(i (X arc. i~aranlctcr constraints.

‘1’here arc two tyim of diagnostic imblclns that can bc con-
sicic.rcli (ic.pmding  on wliicll obse.rvablc  valocs  am bclicvcd
in. 1 iacb cliagnostic  problcrn  can USC, any of tbc, k-consistency
mc(hods  for constraint satisfaction as appropriate. Wbcn
sc11sc4i  val iablcs  an(i external inlwts arc bc.iicvefi, constraint
sospcnsion  consists in find ins a set of nmic.1 J]af amc.tc.r value.s
so as to satisfy ail constraints. ‘l’t[is can fail citilcr  bcc.aose, of
colt) poncn(  failorcs  or bccausc  of opcrat  ion ootsiclc  cte.si~n e.n -
vclopc.  1 n some cases, ciislingoisbing,  bet wmn  tbc t wo migl)t
bc ciifficait  SOCII  as when constraint Cl or (2 am violated for
onc  can a-priori tell whctlmr  it cioc to tbc inabiiity to fit a
nmclc] pal-amcter  or chan~c  an cxtcmal inpot.  ‘1’his case is
c.qoivaicmt to the. scconci diagnostic problcm  wbcrc  external
inimts  arc. not belie.ve4i in wllilc  scnml variables arc.

‘lhc  p,crmral constraint sospcnsion  (tiar,nostic  framework
rc.scmblcs  a (iata reconciliation process that can bc formolatc<i
as follows:

Given:

a set of incic.pc.ncicrrt mocicl paramte.rs,

a sc.t of cxtcrnai  inputs,

a set of rnocicl  variables whmc  c.acll variable
dc.lmncicnts on a cornbiaat ion of otimr mocicl
val iab]cs,  paraluclcrs,  and inpu(s  (rnocicl con-
straints),

a subset of the. model  variab]cs  c.aci] amociatc~i
to a sensor (sensor allocation)

l;ind

● a SC( of valocs  for ali rnocicl paral[lctcrs  (initial
stat c)

● a set of valoc.s for all cxtc.r nal inpllts  (o~)crat inp,
conciitimls)

SLICi  I that tbc. set of values  for all rnoclcl val iab]cs
(stc.a(iy-stale predictions) dcrivcxi flom  the initial
slalc i)cst ma[clm (IIC sensor ciata (observations).

1 )iagnosis  reasons about tbc ciiscrcpancics  bctwcm the a+
SUINC<l  initiai  state  and opcI at in:, conditions and tlm ones lcaci-
ins to tllc best scmor observation math to rno(ici Imxlictirms.
QLlaiitativc.ty slnali  (ii ffctcllccs  arc. attl ibote.(i  to procc.ss and
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sensor  ncrisc. 01 to model  nppl oxidations. ‘1’lm diffcxc.ncc.s m c.
alll i~m(cd  to anomalies m faults wlmn (Iw diffmcncc.s  c.xcccd
tlm bounds  dcfincii  fm tim cur[cnl aominal  s(a[c.

Sinm Jmrcicl constlnints ale not necessarily invcl  tiblc, ~l)c
mocic] cannel  im invcrlmi  to chxivc  an iaim[ stale cc)lnpa(i-
blc wi(il sensor obsc.lvations.  Instead, tlm ccrmpalib]c  initial
state ncc4is to bc scarcilc~i. ‘1’tle aigcrrili)ln  iNc.scnlcIi lmrc. is in
sl]iTc,ci flom  corlstlaillt  suspcnsicm.  ~lmsliaint suspcmsion  was
cicvdopxi  fc)r (ii~ital  mmicis  wi)c.rc it is pcrssiblc  h ICIIIOVC.  a
cons[rain(  and cxrnlpu[e.  mmicl  predictions. With analor,  IIIoci-
c.is, tim iack d invutability in gene.rai imvcn(s  tiIc shai~,hl
application of constt  ail]t suspension for tile. rcmcrval of a con-
sltaitlt may prc.vcnl tim ability of tim sinluia(m  to com]mtc.
plc4iiclions.

A c.onsllaint  cmic.sponcis  (o cmc. or mom  analytical equations
[icsmibin~  Ilic Jdtysic.al syslcm) bcins mrxic.lc.(i. ‘1’hc sc.t of all
mnslraints, ~, tilus  cicfincs a syshm of analytical cqLlalions
cllalm(cti~.inr,  (Ilat mode.]. A moricl  constraint g,raph, M =
(CVI’1,  h’), is ccrns(ILIctcIi as fcrliows:

‘J’hc vcr(iccs  of M ale. CV1’1  = CUV U7J LJY. whc.rc V
rmci 1) atc rcspcdivciy ti)c set of aii variables an(i tilat  of aii
unobsc.lvabic  pal amctcls occ.urlin~  in the mo(ic.i  c.c]uations of
M.  7. is tile SC.(  of all external inpLlk to M. lkrr no ta t ion ,
l]]’(c) : v ( c )  u l’(c) :: {v] , . .  . ,  Vn} ~J{pl,  . ...]),,,} cic-
notcs  the scl of mmtc.i variable.s, V (c) : {V I, . . . . Vn}, an(i
unrsbscrvabic.  mcxic.i paranmtcrs, l’(c) = {pi, . . ., P,,, } i n -
vcrlvcd in (Iw constraint c. ‘1’hc distinction bc.twc.cn a mode.]
l)al at ac.tc] anti mocic] variable is domain- spc.cific knmvlc4tgc
abowt tiw ]norte.ls of the. components used  in h physl,cal  sys-
tcln.  I It l(c) = { i ] ,  0.., /.} bc the set of mrrcicl inpu ts
affcctins c.

‘1’hc.  c.dgc.s of M arc clef crjninc<l ft cm the amdcl  constraints
(7, V, 7’, anti 7.. liacil  c.dsc e C E is cic.tcmninc4i as follows:

. c T {X,, c} is an untiirccteii cligc  bctwccn  a mcrcicl vali-
at)lc, i~aramctcr  or cxtc.rnai  inpLtt z and a conslraill[  c if
1 ) * c V]’(c) or z ( 2. anti 2) tilcrc exists a functimt  ji
such that c is invc] [ilblc with mSpCCt  to ~;,  i.e.,:

aad c is invcltiblc,  witl] lc.spcct  to some Olilcr variable 3j,

,i # t tilat is if lIICII:  c~ists at an@llCl  fllnction .fj SUCII
[bat:

●  C = 3i - > C is a ciile.c[c.ci illpLlt C<ip,C f[olll  Zi 10 C if 1)
?i ( V]’(c)  (J7., 2:) c is not invcl  tiblc. wilb  re.spcct (0
%i, an(i 3) c is invcrliblc  with respect to anotlm mo(ic.]
V[iliablCZj  C V1’(C)(J7., ~ # i.

● c : c - } zi is a ClilCCtCd  r3Llt1)Llt  CLip,C flolll C tO ~i if ] )
xi [ V]’(c) (J7. an(i ?) C is invc.ttiblc. only witl] rcsl)cct
10 Xi; that  is for any Xj C V]’(c) ~JY., ~ # i, c is 1101
invcrliblc.  with respect tO Yj.

A cons(l  aint c will bc cal icci utdirrctd wimn ali cd~,cx
bctwocn  c anti csnc of tile variablcx  x c V]’(c)  U7. arc ullcii-
I cctci:l. When one. of SLICII c.cigcs is ciircctc.ri input  m out])u(,
the cmsttaint wii] bc calicci (iircdcd.

‘lb CIC.SCX ibc. scmsor  [allocation, wc will LISC a pmdicatc, S,
SUCII  Illat fol aay  II Iocic.1 vw id)lc. v C VV, S(v) is tl Llc iff tllcrc
is a ijtlysical  SC.IISOI  mc.asuling  V.3

5.2 Sensor  coustrainl graph

‘1’hc.  scnsm  ccrnshaint  fyaJ~ll, M, 2 (C~V1’1,, 1~1.~),  i s  con-
structcci fmn tile mcrcic.i ccmshaint  ~lapllj  M : (C’VI’1, L’),
by abstract in~ ti)c mcrdcl val iab]cs  of M that at c not scmsc.ci;
tilus V, : {VIV C V sucil tilat S(v) is true}.

Note tilat wl)cn a constraint, c, has a ciircctcd  oLl(pLlt  cd~c,
c - ~ Vi, titc. corlcspon(iins,  abs(racl  constraint, c’, will have
dil c.ctcli input C.(ir,cs for tllc otilc.r variab]cs  of c. ‘1’llat is, i f
*j ( (VI’(C) ~J1.) f) Vs - {Vi}, is mal)pc<i  in tllC abstract
constraint graph, the.n tile cct~c. bctwc~n  *j an(i C will be
mal~])c4i into a ciilcc.tc4i inim( c4igc to c‘. ‘1’his  stems ftom tile
facl  !tlat vi may JIOt bc in V, ancl tile.lcfor’c ti)c fact ti]at c k
inve.1 (i bicmly with  rcs])cct  to Vi translates into tllc fact tilat c’
is not invcd [ibic  witil  resi)cd (0 lhc  abstract variabics of V (c).

W c  wiil d e n o t e  ~. T {c C ~ sacll  tilat l’(c) ~ 0 }  a n d
~P : {c c (! s u c h  t h a t  l’(c) + 0}. ObvicrLlsly,  ~ , ~, U ~P.
GrIIstl  aints  in ~p arc. potent i at ly harder to solve. when a given
cmlshaint bas more than onc  J~atanMc.r (e.g., ~;l, rX). O n
the otlwr  hand, the. constraints in ~, arc cheap  to cilcck  since
tilcy  only invoivc  observed sensor  variab]c.s.

S,3 Constraint suspension

I’here al c. several ai)imacim 10 constl  aint sat isfaction, f( on]
locai,  k-con sistcmy, an(i to p,lobal consistency ]ncthocis.  I)L]c
to tlm llc~ll-il~vcllat)ility of scm~c  constraints, p,lobal cmjsis-
tcncy  may rc41L1irc costiy constraint relaxation mcthocis.  Ckm-
sttaint sLtsImlsicm is a tc.cilnicjuc to ,dctc.llninc  whiclt  con-
s[!aint,  wtml~ “(akc.n out” of tim mocici (i.e., suspchcie{i) makes
obsct  valicms c.crnsistc.at.

lh tbc  diagnosis c)f slc.a(iy-state aaalog  nmclels,  crbscJ va-
tions arc ccrnsistcnt  wlm time exists a set of palalnctm values
sLIci) tilat tim ciiscrc.J>ancics bet wccn tbc  nmicl predictions and
the scasor obsclvaticrns  arc ll~inin~al. “1’hc, minimum lCVC1 of
ciisclcpancy  bc]ow  wllicll  ]mxiictions  arc saici to match tim
obscI vations  is usLtally cicfincd empirically for lack  of bct[c.r
donlain  knowlc41~,c. ‘1’his Ininimum  ciisctcl)ancy  lCVCJ cic-
]mn(is on such factors as process noise,  scnscrr noise., anti
JNodci ac.cLll-ac.y.

la this context, global consistency con c.sJ~oncis to infc.r-
] i nr, va]ucs  for all unobscrvab]c  mrrctcl J)ar’anmtcrs so as to
lnatcil  mocic] variab]c predictions to sc.nsor observations with
IIlininlal  disclc.])ancics. la tlm example of fir,. 3, tbc.l-c arc
7 coast faints with an avcrafic  of 4 var iablcs  or parameters
Jm constraint, l;valuating  1 -k consistency i[nI)lics  7 local
constrai  at sat isfact  ion problems, 2-k consistency imp]ies  2.1
Jmhlcms  and 3-k consistency 35. 4 oL]t of the ‘/ constrains
i nvo]vc  nrm-inyc.rliblc  constraints which require relaxation.

l;or cliar,nmis,  full  constraint satisfaction is not always ncz-
cssary  since some faults can have a local imlmct.  1 ‘or example,
a I caky ciivi(ic. tcc wIoLIlci violate tllc  mass balance const[  aint
ricsc!ibui by constraint r37, namely  that l{low = 17v  I -i 1iv2.
On tile otim hand, otbcr  faults can have p,lobal inlJ>acts cm
(IIC entire moclc]. 1 ‘or cxanq)lc,  all increased hc.at loacl on tile
c.vaJ>orator t [ anslatcs into a ciiffcrcnt  hyctro/tiicl  mal regime
whic]l cause.s discqancics on almost  all sc.nsc)ls.

3’1’tlis  scl]sm allocation nmicliap, is oflhog,oml 10 whether Itlc
sensors llIc.nKc.lvcs  arc. modclc.d as dcvicc.s or not,



11’01 tltis  d iagnos is  appl ica t ion ,  lIICIC arc a fcw  dolllaili-
inde.,pc.ndcn[ Itcut istics wllicll  drastically impmvc tlm c. ffi -
cicncy of constlain( sa[isfac(ion. ‘1’IIc filsl  constraints 10 bc.
c11mkc41 al c. sensor c.ons~raints  tlm, paramclc.r  c.onstl aints.

Cllcek sensor constraints As lnc.ntiolicd,  c.ac.11 constraint c
in CS can bc clmckc4t at amy t imc  that scnsm  crbscl vat ions at c.
avail rrb]c. Wlicn  SOCII a colls(taint fails, [Ilc. conlpcsnc.et(s) cm-
mpondins  to tllc C.OIJStl”i?illt  cquaticrn(s)  atc plc.sumcd  faul[y
01 almmmal. ‘1’lm rcmainingl  ccmstlaints of tlm model  can bc.
cllcdc.d  as lonr, as llwy do not  con cspond  to lI)c componcn[s
Crfc.

JrJlj  (~~1  , . . . >P7rL17Jl) . . . Vi,...>V?L,Z]>...> i)

all;,
(P1 , ,., ,~J,,,,  Vlj. .. Vi, V, L, V,L, ~1,...,t)

-  ]>j

Check Mcrnal input constraints ‘Il]is is similal to tllc
c!mckinp, of paranwicr constl  aints except tfmt c.xtcrnal inputs
alc tlcatc41 similarly to scnse4t variables since bc)tll arc dirm.t
obsenalions.

5,4 k-co]  lsistc]icy IIM1OCIS

II) ccmsllaint  satisfaction, tbc.r c is a tradc4)ff  bctwcc.n tlm sim
of tlw constraint set bc.ins  rcsolvc41 and tlm number of suc}l
coast tai ats sets to I e.solve. 1 lc.rc, WC. dc.scribe. a domain
indc.] lc.nctcnt c1 itcr ia for pal almtcl constraints to cictc.] nlinc
tbc. sim of tlm e.mrs(raint  sets that can bc. rc.solvccl wi th  k-
consistcncy mctl)mts.

I km parameter crmsh  aints, mconsistcncy nmtl]ods  can tm
used 10 c1 i minatc nmctc.t ] ~aramc.tcrs. Wl]cn  t wc) or more con
sturints  sllarc  a paranw[cr,  p, a n d  cm of tlmse. constlaiots,
c, is i nvcr(ib]c  will) rc.specl to p, ibcn  tbc, cons(laints can bc
re.founulatcd  by substituting p. “1’t]is ilnpac[s  tllc  constraint
le.soluticm  process wllclc. tllc numbc.r  of unknown  paramrlc.rs
invo] VC41 IIas been rcduccd  and tbcrc.fore c.onsttaint  rcsolut  ion
is c{)llll)lltatiol]ally  more  c.fficicnt,

Formal ly ,  le t  r3 = {cl, c?, ..., c,,} bc a set of consllail,ts
t o  rm.o]vc  for rL-cmJsiskmcy. IZt 1’ ~ ~j~, I l’(C~) ~

{?’1 , . . . . p,,,} = 1’ ~c the  se t  of  paralnetcrs of tl]c com
st Iai at scl. 1 ‘or any IInprovcrnent  ,in tbc constraint Icso]  u-
tion  ]woccss  t o  c)ccor, tllc.re must bc k, 1  ~ k <  m pos-
sible. paranmtm  inversions ancl substitutions. “1’llc. i-tll in-
vclsio!l/slll)stilllt ion  wifk rc.spcc( tO ~Ji (m CO1)NI  ai at Ci 1 C-
quircs tl]at Ci m u s t  bc invcrliblc  witil  re.spc.~t to ~Jij i  e..,
Pi ‘ fi(l’ifl  l,. ... ]),, b, V;,..., v);), Wllc.rc  {v;, . . . , v),} :
V(Ci). ‘1’llcn, )); is substitutc{l  in all tllc rcmainin~ constraints
Ci+l,...)C,,, tllll.s rcmovi  11~ J’li from  tbc SC.t Of paramctc.rs  of
tlm lcrllaininf!  constraints. Afler lbc ;-tt)  inversion anti SLJtJ-
slitoticrn  is done., tlm remaining constraints will e.acl] llavc  al
most m- i palamc.tc.ts  (i.e., (_J~~ i+ ~ I’(CI)  f {I)ii  1, . . . . lb,}.

1 ‘or sensor constraints, tlm use. of n-consistency lnc.ttlods
does )not add any Icvc.raSc since e.acll constt  aint can always
bc. cl}cckcd ap,aillst scr}soI obsc.rvations.  S i n c e  Se.nso]  con-
s(laiats arc. dc.finrxI fmm lloll-ovclla]~]~illg,  constraint sc.ts, atly

(WO SCnSOI- constraints can only bavc. conlmon  sc.nscd val i-
ablcs.  1 ‘or (Im purpose.s of coast raint  satisfaction, sels of sc.r-
sor coostlaints alc no more info rlnativc.  than tltc.ir constituc.nt
constraints.

6 ]Iiagnoslic  procms

Sir[cc diagnosis is a col~~l)Litatiotlally cxlmsivc process, it
is ilnpor tant Illat it is iaitiatcd only wbcn ancrrnalics  occur.4
Wc rely on nlonilorill~  tcctloiqum ckwc.loped in tlm Sclmon
p]ojcc(  at JII1, to p~ovi(ie several n~onitorin~ criteria to cle.tcct
anmnalic.s.

6 . 1  Ilypotlmsis  fonnalion

1 lypot}lcsis  formation starts witil ttlc assumption that ctiscrcJ)-
ancics  bc.twc.cn  sc.nsc)r tclcmelry and and mock] ]mcdie.lions
arc. Ioinor. “1’here arc scvc.ral causes to discrc~)ancies  such as
noise and drif[  in tllc  ]dlysical  lWOCC.SS,  scmors, or tlm mvi-
rollmc.nt, and limi(c.d rnocldirl~  acculacy.  Makin~  clistinctions
alnong, tllc.sc can be arbitr  al ily clifficult since tllc. diffcrc.nccs
can bc arbitrarily mi nutc  as well. A common  tcdnique. is
to qua at im moctc.li ng accLlracy and lump tlw c.ffcct of noise
citlmr  on a global scale. or pcr  sensor basis.  1 N criginccr-
inp,, tolmancc  tllrcskolds arc colnnmnly  used even as a clc.sign
specification fm the luIII1)cd effects of pIc)cc.ss ancl rxlviron-
rncnt noise  or drifl.  (c.~., an clectlical resistor is spc.citied
witl~in a tolcrancc  level, 1%, 2Y0, 5%.)

Wllc.n tile. discrc.paljcics  CXC.CMI  tbc  tlmcsllold,  ccmstraint
suspc.nsion  is initiated to dc.tcrminc  a set of model parameters
that  arc  consistent will] tllc  observations. ‘l”tm actual diafylos-
1 ic rcasoniog  is based on tbc. following sourccs  of i nfol Inat ion:

1. violatcil  sensor constraints.

A sensor constrai  at c is violated wlic.n tl]c sensor obscr-
vat ions usc4t as values for tlm constraint val iablc.s V(c)
cannot salisfy  tllcconstrainl c~[ualions,  cvc.n within noise
tolcrancc  margins. “l”tlis entails several diap,nostic  lly -
potlmcs (in order of verification complexity)

●

●

the. com])onc.nt associatc4i  with tlw constraint is
fault y. ‘J’tiis corresponds to intc.rl)l  cling Il)c i nabil-
ity to satisfy tlw constraint c4]uations as a conqlo-
ncnt failure wtw.rc ttlc  faile4t componrmt  bcllavior
no long,cr cor( cspcrnds to (bc urlfaultc41  component
c4]uations.
la this  case, fault models of tllc component ctin
bc USC, instcacl of ttm nominal nlodcl  in an attc.mpt
to rc.acll concordc.ncc  bc.twcm mocle.1 p r e d i c t i o n s
and scnso]- obscr  vat ions. Wi(llout  fault models, (Ilc
component can on] y pl c.sunlc41 to [m anomalous.

tl]e. conqmncmt  a s s o c i a t e d  witti tllc  constrai  at
cllan~e.d o f  opc.rating  mrrclc. ‘1’tlis llypotlmis  i s
available only wkm tim inter oal rnoclc of a COIII-
poncmt  is an uaobscr  vablc pararnckr.  1 n this case,
this  Ilypotlmis can bc. Icinforccd  wlmn ])at amctc.r
constraints amociate41 will] this component arc vio-
lated as well.

41@r  stc.aciy-slak nuxk.ls,  fmciiclivc.  cliagnosis- i.c., tlm rrbitily
of prcctictiap, ahc.ad of tim anomalies bc.fore. tbcy OCCLII  - rccp i m
aa analysisof  tbc. his[olical data up to Ibc carfcal slate. since. a skady
s[alc rnoclc.t caalmt by ctcfinilion  frrc.clicl transitions away fmo a
steady state.,
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●  the, Col[)pr)nc,n[ asscrcirilrd will) llm consliai[ll
cl)an~cxi of opmali  n~ Ino(tc  {iuc to tiic  occur I c.ncc
of an ano]mly sollmwimc c.Jsc.. AI IIIou#I the cffmt
fm ti]c cmmponc.nt  is i{icntical 10 tile  iwcvious  case,
lim ciift’c[cncc s[c.rns in tim mip,in of ti[c allomaiy:
in ttlc  prmious  case, il is tbc. component ilscif,  in
liiis  case, it is in sonic  otim conlponc.nl.

a(ijustc4i parfimc[c.r consttai nts.

A SCJ)SOI mns[lai  at c is adjustcli  wllcn the sensor obsc.r-
vat ions uscci as val ucs for tiK2 conslrai  n( variabic.s  V(c)
satisfy lhcconsllainl cqualions  whc. r) usc4i in conjunction
wi[ii a sc.t of constmint paranmtas  diffc[ c.n( tilan tl]osc
fm (Ilc no]uinal slate.

vioia[cd palanlc<tcl constraints.
A sctisor constt aint  (c is a(ijus(cci wbcm tllc  sensor obser-
vations  used  as values for tiIc constraint valiahics V(c)
caanot satisfy tbc. comtlainl equations for any combina.
lions of mocicl paramc[cm.

violated c.xtemal input ccms(l  ai n!s.
ATI external input  constraint c is a(ijustcci wl]c.n (IIc. sc.nso~
c)bsc.rvaticms used as values for tbc constraint variab]cs
V(c) cannot sat isfy tbc constraint cquat  ions for any co]]]-
binalions of cxtc.rnnl inputs.

‘1’IIc  lasl tilrcccascs arc ttm most corlll)llta(io[lally” cxpcnsivc.
OIICS. l’atamctc.r  actjustnwnts  are. dc.tc.lmincct with a valic.ty of
tc4f]hiquc.s cic.pcnclinp, on w’imll)cr the constr aints  arc  invcl [ib]c
wili] rc.spc.ct to tlm paranmtc.rs. III tile si]n])lcst  case.,’ tllc
consl rainls arc. invc.rlcd with respect to c.aci] patamc.tc.t.  WIIcn
tiwrc  is only onc  paramtc.r in a constraint, tilcn  tbc sc.nsor
obsc.rvations  arc. used to dctcrminc a cortcsi)oncting,  pyamctcr
value. WhCn  tbcrc. arc. two or more  paratoctm in a constraint,
a scald for a consistent soiution  lake.s piacc.  ‘J ‘ilis seal cil can
bc. nm(ic cfficicnt  by usins a divide-anti-conqoer appr oacb  anti
1)1 opil~at ing intervals through potcntiall  y ciiffc.mnt iablc  non-
monotonic functions. ‘1’bis intervai  J]ropagation  is cicm b y
cllcckin~  tiwdc.rivativcof  tbc. constraint fL]nction and tracking,
wiuwc lninima  ancl n]axinla  can occut witilin  ttlat  intclval.

6 . 2  IIypothcsis  Wlidalion

‘1’1112 ]mtl]od to cbc.ck tlm constraint is 1 ) verify tilat ad(iinp,
hoist to tlm ]noclcl paral  nc.tc.rs 01 tim cxtcrnai  inputs is not
sufficic.nt to I csolvc tbc ciiscrcpaacics,  ?) rctax  c to fin(i an ap
pl opriatc set clf Ino(ic.i  parameters, and 3) intc.rprct tbc II Iodc.1
pal al nc.tc.m co~lsistcnt  wil,il  tim obscrvat  ions rciat ivcl y to (IIc.
mocic.]  paramc.tc.rs for tbc prcsumc~i nominal state.

7  lll]]])lc]llc~lfatio]]  status

‘1’bc.  diar,[lmis al~oritllm  prcscntcd  ilcrc. is tlm soccmsor to an
c.atiicr  pr otot ypc of tile constlairlt  sLlspcnsion  al~or-itlln] for
analc,~ rnocic.]s.  ‘1’im diap, noscr  is J)arl of an Mocklinp,  Iln-
vironmcnt  for Systc.rns Analysis (MMA) bc.i n:, dcvclopcd  at
.JI’l 1 i ], ‘J’l)c MIiSA  arcllitccturc compr iscs t wo con~])Lltat ionai
ploccssc.s  cornmunicatin~  asyncbronoLlsiy:  Grapilical  rnocicl-
buildins  tools alc provi(ic(i  by G2, a cornrnmcially  availab]c
real-t ilm cxpm t systc.m silcii.  ‘1’bc ~12 process also cornpisc.s
a ttans]ator tilal patscs tlm contents of the C]? (iata structulc,s
into iiics  rcluc.sc.lltin  F, a rlllodcl  causal ami constraint rc.]ations.
‘1’lmsc fiic.s arc. usc{i by a model. bawi livent-]  )rivcn  Siiou  -
]ation  ]Invironmcnt,  ]11)S1;,  bLlilt on top of a separate ] .isp

i,roccss  c{)ll]l]]llllicati]l~  wilil (;P ti]rooF,il  ‘1’C1l’/ll’. So]nc, conl-
im)cn[s c)f lIIc. ciia:nosc.r  arc  bcinr, iIl)f)lcl]lc.lltalc4i i n  1  ,isp,

otim por lions arc bcinp, ilnplcrucntcd in [;?.

8 Conclasiom

‘J’llis paper presented oLlr cat ly rcsLlits on tile  ciiagnosis  of ana-
ios l)ilysicai  systclns. ‘1’IIc. main contribLl(ion  is in an adapta-
t ion of constl’ai at sLlspcnsion to Cent i nLloLls, steady NatC. nlod-
C.IS of p]lysical  systems. Wc assurm tilat  rnocicts of physical
systems al c organ  i7.cd according to tllc. corIll~orlcllt/corlnWtion
I]aradip,m wllc.rc ti]c model c)f cacti corl~poncnt  is dcscribcd  in
tcrl}ls of constlainls among  componc.nt  vatiablcs  anti cicsify
l)alamctcvs.

‘1’lmc four types of cicmcnts  Ltscd to ckfinc constraints:
n)o(ici parameters, rnoclc.1 variables (sensed an(i unobscrv-
abic),  and c.xtcrnal  inpLlts. Iiacll constraint is cicfinc<i from
]]m(ic] equations wittl a domain cllaractcrimi as a set of pa-
ramctc. rs, variab]c.s,  and c.xtc.rnal  inJ>Llts. Given a set of of
val Llcs for a subset of a constraint (iomain,  constraint relax-
ation cxmc.spon(ts to h task of finciins values for all tbc
rcmaini  nr, unknown variab]cs. Cur f c.ntl y, w bc.lie.vc  that
constraint rcJaxation  can bc. guarantcrii as long, as each rnodc.1
c41u:ition  can bc rc.fornlLllate4i  as a functional equation of tlw
forjn  j(xj, . . . . 0+, ) = (J wile.rc *1, . . . . z,, is a conlbination
of variabics, patamc.tc.rs,  and cxlcrnal  inpLlts sucli  that:

● j is continuous, ciiffcrcnti  able. aoci e.acb par(iai  derivative
dj/dX; is also continuous (1 ~ i < 7L),

● tlm noise lc.vc.t for any rnocicl var iablc has  a frxc41 uppc.r
boLlnct much ]ovcr  t]lan ttlc possible r angc. of vaiucs for
that variable (c.~., 5% of the. ransc)

‘l”im ~c~luire.rncnts on continuity and differentiability guar-
antee tim fc.asibi]ity  of constraint rc.taxation mc.tilocis cvc.n
tllougll  tllc  mocicl c~luations  Inay involve non-] incaritics. ‘1’tlc
noise lc.vcl containment allows us to qLlantify a rninilnum  clis-
crcpancy  tbrc.sllold  usc<i to relax stt ict c~uality or inequalities
used in constraints to dc.adbands.

l{LltLlrc  work will focL]s on analyzins tllc. pc.r formal]cc  of
tllc  ]Jr oposc<i constraint sLlspc.nsion approac% to dia~,nosis  ancl
cllal actc.1 i?.i ng, tk impact of fc.cdback on (iia~nosis.
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